INTRODUCTION

In the flood season, especially every spring, large amounts of water are drained via a diversion channel past the turbines of the main machines of hydro plants. A considerable amount of electrical energy is thus lost. Small scale hydropower machinery is one solution to this problem.
In the flood gate (FG) of the hydroelectric power plant machinery can be installed based on induction generators to be used temporarily in the flood season. In the case of the hydroelectric power plant in this study one flood gate is planned to be have five 4.8 MW sets of machinery consisting of an induction generator and a turbine. The water flow to the turbines and the rotative torque are controlled by changing the opening of the radial gate. The hydroplant includes three main sets of synchronous machinery (a 48 MVA).
Because of the relatively short operating period (only flood time in spring) the technical implementation must be simple and inexpensive. The cost-effectiveness of the implementation is a crucial objective. Thus induction generator based
TARGETS AND DESCRIPTION OF THE PROBLEM
The aim of the paper is to present the simulated results of connecting the induction generators in parallel with the synchronous generators of a large hydroplant. The essential goal is to find out by simulations how the excitation systems of the synchronous generators respond to the instant need for reactive power caused by an initial magnetizing inrush transient of the induction generator when it is connected to the network. Special attention is paid to the effect of the rotation speed in proportion to synchronous speed on the magnitude of reactive power absorbed by the induction generators. A further target is to find out how the starting of the machines can reasonably be delayed so that the maximum peak of the reactive power can be limited. The possible influences on network protection are also ascertained. The tool used for simulations is PSCAD 4.0 which is the software intended for the simulation of transients in an electrical network [1] .
It is planned to locate the induction machine based sets of machinery in one flood gate of the hydroelectric power plant. The objective of the study was to find out if it is possible to connect the power supply of the flood gate machines to the same busbar as the main synchronous generators and what the preconditions are for the starting of the induction generators without disturbances to main machines and electrical network.
An induction generator does not need synchronization with an electrical network, unlike synchronous machines. An isolated induction generator cannot produce a terminal voltage as there is no source of reactive power to develop a magnetic field. Thus when a de-energized rotating induction generator is connected to the network there is an initial magnetising inrush transient similar to that when a transformer is energised, followed by a transfer of real and reactive power to bring the generator to its operating speed. For a large embedded induction generator the voltage transients caused by direct-on-line starting are likely to be unacceptable [2] .
An isolated induction generator is rotated by a turbine. When the rotation speed of the generator reaches the synchronous speed it will be connected to the network. After that it starts to generate power proportional to the rotative torque. Operation of the network magnetized induction machine requires the voltage reaction of the network. After network connection the output capacity of the generator is raised to the desired value by adjusting the rotative torque of the machine, which increases the absolute value of the slip of the asynchronous generator. In the case of flood gate machines the rotative torque is controlled by changing the opening of the radial gate. The maximum opening of the radial gate takes about 10 minutes.
When an isolated asynchronous generator is connected to the network the temporary supply of reactive power will be covered by parallel synchronous generators and the transmission network. The duration of the current impulse depends on the relative rotative speed of the machine in proportion to synchronous speed at the moment of connection.
The combined temporary reactive power absorbed by five flood gate machines at the moment of connecting to the network is significant concerning main synchronous machinery (3*48 MVA). The total amount of temporary reactive power absorbed by the asynchronous generators can be reduced by connecting the induction generators one at a time to the network and using a time delay between each connection. It is essential to know the acceleration time of the induction machines for dimensioning the time step between generator connections. The acceleration speed depends on rotative torque before the network connection. If the acceleration is significant at the moment of connection only one machine can be connected to the network at just the right time, when its speed corresponds to the synchronous speed. The rotation speed of the other four asynchronous machines at the moment of connection depends on the length of the time delay between connections and the rate of acceleration. The optimal situation would be if the rotation speed could be approximately constant corresponding to the synchronous speed during the network connections. When the opening of the radial gate is used to control the rotation speed of the FG machines the balanced condition when the rotation speed is constant corresponding the synchronous speed cannot necessarily be achieved.
The main objective of the study was to find out if it is technically possible to start the FG machinery without disturbances to other systems, especially main synchronous machines. Transient phenomena during starting and network connection having influence on main machineries and main transformers are also highlighted.
HYDROELECTRIC POWER PLANT AND ELECTRICAL NETWORK
The diagram of the hydroelectric power plant and the connections to electrical transmission system are presented in Figure 1 . The hydroplant includes three 48 MVA main machines and five 4.8 MW flood gate machines. The combined rated power of the flood gate machinery is thus 24 MW. Synchronous generators are connected to 13.8 kV busbar. The voltage of the induction generators is 6.3 kV and they are connected to 13.8 kV generator busbar via 13.8/6.3 kV transformer. The switching condition during the operation period of the FG machines is such that one synchronous generator is connected to the same busbar as the FG machines and two of them are connected to the other generator busbar.
The power fed to both generator busbars is transmitted to the 220 kV (one connection) and 110 kV (two connections) transmission networks via two parallel main transformers (242/115/13.8 kV). The power plant also feeds the 20 kV distribution system.
In flood time the load flow situation is such that active and reactive power flows from 220 kV system via main tranformer T1 to the 110 kV system. The power generated by the main machines by the power plant is fed to the 110 kV system via two connections. 
MODELLING OF THE SETS OF MACHINERY AND NETWORK
The model of the hydro power plant and electrical transmission system includes the following components.
• Voltage sources (one 220 kV and two 110 kV) 
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STARTING OF INDUCTION GENERATORS
Five asynchronous generators and the hydroturbines rotating them are planned to be installed to one flood gate of the hydroplant. The water flow to the turbines is controlled by changing the opening of the radial gate. The volume flow rate depends on the head.
The summarized rated power of the FG machines is 24 MW and the power factor 0.86. The induction generators of the FG machinery are connected to the generator busbar via 13.8/6.3 kV transformer. The rated rotating speed is 994.2 r/min and synchronous speed 1000 r/min. The runaway speed of the induction machines is 1900 r/min. The rated current is 526.9 A and starting current 5.79 p.u. corresponding to the rated voltage. The rated rotation speed of the turbines is 250 r/min from which it will be raised by gear to sychronous speed 1000 r/min. The mechanical power of the hydroturbine is 4.8 MW and rated head 13.5 m.
The FG induction generators obtain their magnetization energy from the electrical network. They have no influence on the other machinery and network until they are connected to the network and the electrical countertorque develops.
The induction generators are connected to the network according to the measurement of rotation speed. The rotation speed must be close enough to the synchronous speed. At first the asynchronous generators are rotated without voltage reaction by opening the radial gate slightly. The machines are allowed to accelerate close to rated speed. The opening of the radial gate is determined so if possible that the rotating speed of the FG machinery is set at about 90 % of synchronous speed. The rotating torque corresponds to the mechanical friction and windage losses. When the radial gate is opened the intermediate space between the radial gate and the turbine is filled in a few seconds to the level of the lower edge of the intake screen. When the level rises further the water flows to turbines and they begin to rotate to take in the water. When the FG machines are rotating at 90 % of rated speed the radial gate is slightly opened. Then the rotating speed increases very slowly until the synchronous speed is achieved. In the best case the rotating speed can be kept constant. The induction generators can be connected one at a time to the network and a time delay between connections can be set long enough without risk of machine runaway. One uncertainty factor is the swirling of the water during the starting period.
SIMULATED CASES AND RESULTS
Simulation results include the voltages in different locations of the system (Fig. 1) , powers and currents through the breakers, powers produced by the generators and numerous internal parameters of the machines (e.g. rotation speed, load angle, mechanical and electrical torque etc.).
The interest is focused on how the rotation speed and frequency of synchronous generators behave during the starting period of the induction generators. This will be affected by the response of the voltage regulator and static exciter. The voltage dip of the generator busbar is one essential parameter. From a protection point of view it is important to know how the magnetising inrush current appears elsewhere in the network, especially through the main transformer T2 (Fig. 1) .
When considering the FG machines the main attention is paid to how the starting process, time delay between startings, rotation speed and acceleration at the moment of connection affect the amount of reactive power absorbed by the induction machines and the magnitude of the magnetising inrush current.
Four cases containing two different switching states of the system were considered (Fig. 1 ).
• The duration of the simulation period is 25 seconds. In the simulation model the FG generators are connected at 6.5s, 8.5s, 10.5s, 12.5s and 14.5s. The power rise occurs rapidly in the simulation in four seconds in order to keep the total simulation time reasonable. In practice the power rise takes several minutes. After the power rise it will be seen how the production rate of the FG generators affects the load flow situation of the network.
The results in Cases 1 and 2 are almost identical in consequence of the very low acceleration rate in Case 1. In both cases the FG generators can be connected to the network very close to the synchronous speed. The following Figure 2 presents the active and reactive power of the FG machines during starting period. Figure 3 presents the frequency disturbance of the synchronous generator G3 in consequence of the connecection of the FG machines to the network with Case 1. Figure 4 illustrates the active and reactive power of the synchronous generator G3 during the starting period of the induction generators. Figure 5 presents the phase currents of main transformer T2 from the 13.8 kV busbar with Case 1 and Figure 6 the frequency disturbance of the synchronous generator G3 in consequence of the connecection of the FG machines to the network with Case 3. 
C C I I R R E E D D
CONCLUSIONS
The starting of the FG machinery does not cause any disturbance to the operation of the sets of synchronous machinery G1 and G2 with Cases 1 and 2. The frequency disturbance of machinery G3 is relatively low being 0.02 -0.03 Hz. The frequency disturbance attenuates relatively rapidly after the connection of the FG generators.
The temporary need for reactive power at the starting period of the FG machines and the reactive power in the steady state after the power rise will be satisfied by synchronous generator G3 and 220 kV transmission line.
The temporary switching transients have no significant influence on the current flowing through the main transformer T1. Instead, the phase currents of main transformer T2 include notable transients caused by the magnetising inrush current on the sides of 13.8 kV and 220 kV. The influence of these transients on the functioning of the protection should be ascertained. The magnetizing inrush transients appear naturally on the breakers of the FG generators. The transient currents must be taken into account when the protection of the FG machines is planned.
The connection of the FG generators creates five sequential voltage dips to the 6 kV generator busbar and to the other 13.8 kV busbar. These voltage dips have no significant effect on the operation of the power system and network.
In Case 3 the frequency disturbance of the machinery G3 is slightly higher than in Case 1, being in the order of magnitude 0.03 Hz. The temporary transients in the excitation voltage are also higher than in Case 1. The current transients of main transformer T2 are of the same order of magnitude as in Case 1. In Case 4 the maximum frequency disturbance of Machinery G3 is about 0.04 Hz. The temporary switching transients are almost double when two FG machines are connected at the same time.
No potential special problems regarding the connection of the FG machines to the network of the hydro power plant were observed in this study.
